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Graceful movement requires that the neuromuscular system compensate for unwanted dynamics of the 78 body. For example, it is well known that simple reaching movements require complex torques to 79 compensate for the coupled inertial dynamics of the arm (Hollerbach and Flash 1982) . Decades of 80 research have shown that the compensation of unwanted limb dynamics is accomplished through a 81 combination of feedback control (through muscles, reflex loops, and adaptation) and predictive control, 82
and much effort has focused specifically on how the brain compensates for the coupled inertial dynamics 83 of the arm during reaching movements (Bastian, Martin et al. 1996; Bastian 2006) . 84
Recent work has shown that the dynamics of wrist rotations are quite different from reaching movements: 85 wrist rotations are dominated by stiffness, not inertia (Charles and Hogan 2011), suggesting that a major 86 part of wrist control involves compensating for the stiffness of the wrist joint. Several studies have 87 measured wrist stiffness in flexion and/or extension (Gielen and Houk 1984; Lakie et al. 1984; Sinkjaer 88 and Hayashi 1989; Lehman and Calhoun 1990; De Serres and Milner 1991; Milner and Cloutier 1993; 89 Leger and Milner 2000; Axelson and Hagbarth 2001; Cornu et al. 2003; Halaki et al. 2006) or radial-ulnar 90 deviation (Rijnveld and Krebs 2007) . While these 1 DOF measurements inform us of the dynamics the 91 neuromuscular system must overcome to rotate in pure flexion-extension (FE) or pure radial-ulnar 92 deviation (RUD), the wrist rarely rotates in pure FE or RUD. Perhaps the most common wrist motion 93 goes from extension and radial deviation to flexion and ulnar deviation (the so-called dart thrower's 94 motion) and occurs in many functional tasks such as hair combing, can opening, shoe tying, and 95 washcloth wringing (Palmer et al. 1985) . In order to make natural wrist rotations, the neuromuscular 96 system must plan and/or control for the 2-dimensional stiffness encountered during the rotation. It has 97 been suggested that wrist stiffness visibly affects the path shape of wrist rotations (Charles and Hogan 98
Neutral forearm and wrist positions were defined as follows. The forearm was in neutral position mid-144 way between pronation and supination. The wrist was in neutral position in FE when the grasped robot 145 handle was in the same parasagittal plane as the center of the wrist and the long axis of the forearm. The 146 wrist was in neutral position in RUD when the grasped robot handle was inclined 17° toward ulnar 147 deviation. This handle position put the third metacarpal approximately in the same horizontal plane as the 148 center of the wrist and the long axis of the forearm. This definition of neutral wrist position is similar to 149 the ISB recommendation (Wu et al. 2005) in RUD but different in FE to account for the fact that subjects 150
were holding a handle. The robot was allowed to move only in the tested DOF. 151
The robot moved in combinations of FE, RUD, and PS according to one of two protocols (see below). 152 Robot perturbations were implemented using an impedance controller. After verifying that stiffness 153 estimates were unaffected by changes among several different feedback gains, we used position and 154 velocity feedback gains of 10 Nm/rad and 0.1 Nms/rad, respectively. The wrist robot recorded angle and 155 torque in FE, RUD, and PS at 200 Hz. 156
Subjects were instructed to relax and not interfere with the motion of the robot. To test whether muscles 157 were indeed passive during the stiffness measurements, we repeated one of the protocols (2-D) in five 158 additional subjects while we measured EMG in four prime wrist muscles (flexor carpi radialis, flexor 159 carpi ulnaris, extensor carpi radialis longus, and extensor carpi ulnaris). 160
161
C. Protocols 162
Two different approaches were used in this study: a 1-D protocol, designed to measure the passive 163 stiffness in FE, RUD, and PS in isolation, and a 2-D protocol to calculate the coupled stiffness of the 164 wrist in combinations of FE and RUD. 
1-D Measurement 184
We estimated passive wrist and forearm stiffness using the linear parts of the torque-angle curves 185 recorded by the robot (see Fig. 3 ). All torque-angle curves exhibited a hysteresis loop commonly seen in 186 connective tissues, including muscle (Fung 1993) , and previously reported in joints of the lower and 187 upper limb (e.g. for the elbow, see (Given et al. 1995) ). To remove this non-linearity, we separated the 188 data into 4 constant velocity movements (e.g. for FE protocol: movement from neutral towards 189 extension; back to neutral; from neutral towards flexion; back to neutral). We also excluded from analysis In the first approach, called the "fitting ellipse method," we calculated the torque and angular 214 displacement parallel and perpendicular to the direction of each of the 24 perturbations: 215 (2) 217 218 where j represents each of the 24 directions, j R is the rotation matrix for the j'th direction, and 219 subscripts || and ⊥ indicate the parallel and perpendicular components, respectively. 220
We then estimated the stiffness (separately for outbound and inbound movements) by running a linear 221 regression between the components of torque and angle parallel to the perturbation: 222
Next, the means of outbound and inbound estimates in each of the 24 directions were used to fit a 226 stiffness ellipse (Fitzgibbon et al. 1999) . 227
The major advantage of this approach is that it permits the estimation of stiffness in FE and RUD without 228 any particular a-priori assumptions about the center of the stiffness ellipse (which can be different from 229 the origin of the reference frame). On the other hand, the major weakness of this approach is that it only 230 takes into account the components of torque and angle parallel to the perturbation direction and does not 231 include stiffness effects perpendicular to the perturbation direction. 232 233 2. The second method, called the "multiple regression method," overcomes this limitation and accounts 234 for all torque-angle components. Assuming that the force field is smooth at the neutral wrist position, it is 235 possible to linearize the force field and obtain the stiffness matrix K : 236 237 238 The four elements of the stiffness matrix were obtained directly by multiple linear regression (using 239
Matlab's regress function): 240
By this method we estimated separate stiffness matrices for the inbound movements, for the outbound 246 movements, and for the composite of both (combining all data from outbound and inbound movements). 247
Only the symmetric part of a stiffness matrix can be represented as a stiffness ellipse (Hogan 1985; 248 Mussa-Ivaldi et al. 1985) , so we separated each matrix into its symmetric and antisymmetric parts: 249 The tilt was defined as the angle between the major axis of the ellipse and pure radial deviation (positive 259 counterclockwise). 260
All stiffness estimates were corrected to remove an "apparent stiffness" which occurred because motion 261 of the center of mass of the hand and handle in the vertical plane introduced a change in torque that is 262 unrelated to the passive stiffness of the tissues about the wrist joint. This apparent stiffness was measured 263 (by adding an object of similar weight to the handle) and subtracted from subjects' stiffness 264 measurements. 265
266
E. EMG measurements 267
The EMG data from the follow-up experiment were debiased, rectified, and filtered (backward and 268 forward) using a 5 th order low-pass Butterworth filter with a cut-off frequency at 25 Hz. We then 269 normalized each muscle's signal by the EMG level of the maximum voluntary contraction in that muscle. 270
271
F. Repeatability 272
To test the repeatability of these stiffness measurements, we repeated the 1-D and 2-D protocols on 4 273 subjects in 2 sessions separated by 1 month. We compared the changes between the two sessions by 274 paired t-test. 275 estimates for the ten subjects are listed in Table 2 . 292
Of note, the stiffness estimates on the two sides of the neutral position were significantly different for the 293 FE and RUD degrees of freedom (p<0.01). On the other hand, the differences between the stiffness 294 towards pronation and towards supination were not significant. 295 296
2-D Protocol 297
Data from the 2-D protocol were analyzed in two different ways (see Methods). In the "fitting ellipse 298 method," a linear regression was performed on the torque and angle data parallel to the direction of 299 movement, resulting in a slope estimate for each direction ( Figure 5A ). The stiffness estimates were then 300 plotted in polar plot form and fit by an ellipse ( Figure 5B ). Both the linear regressions and the ellipse fits 301
showed very high goodness-of-fit values: the mean R 2 value, averaged over all subjects, was 0.948 ± 302 0.025 (mean ± SD) for the linear regressions (averaged over all directions) and 0.880 ± 0.061 for the 303 ellipse fits ( Table 3 ). Note that the fitting ellipse method allows for asymmetry of the elastic field with 304 respect to the neutral position. The offset of the ellipse center is a measure of the non-linearity of the 305 torque-angle field at the neutral position, and results from 10 subjects showed that the stiffness was 306 always shifted in the same direction. This direction is the same as for the 1-D protocol, i.e. the stiffness 307 was greater in extension than in flexion and greater in radial deviation than in ulnar deviation. 308
Furthermore, the two axes of the stiffness ellipse are not aligned with the axes of the reference frame, 309 resulting in an ellipse which is tilted counterclockwise for right handed subjects. 310
We also estimated the stiffness matrix using the "multiple linear regression," and we obtained very high 311 goodness-of-fit values for this method as well: the R 2 value average was 0.947 ± 0.031 for inbound, 0.935 312 ± 0.023 for outbound, and 0.924 ± 0.025 for the composite movements. 313
Only the symmetric part of a matrix can be represented as a stiffness ellipse (Hogan 1985; Mussa-Ivaldi, 314 Hogan et al. 1985) , so we separated each stiffness matrix into its symmetric and anti-symmetric parts (see 315 Methods) and found that the anti-symmetric part was negligible compared to the symmetric part. More 316 specifically, the ratio between the determinant of the anti-symmetric part and the determinant of the 317 symmetric part was near zero (0.003 ± 0.004; see Figure 6 ), allowing us to neglect the anti-symmetric 318 part and proceed with the symmetric part. One subject's stiffness ellipse obtained by this method is shown 319 13 in Figure 5C . The mean stiffness matrices (symmetric part) for male (K M ) and female (K F ) subjects are 320 (mean ± SD): 321 To test the repeatability of these stiffness measurements, we repeated the 1-D and 2-D protocols on 4 331 subjects in 2 sessions separated by 1 month. The average absolute change in stiffness over the two 1-D 332 measurements was 9% (Table 4 ). The magnitude, eccentricity, and tilt of the ellipses obtained from the 333 two 2-D measurements varied between the two sessions by -22, 4, and 13%, respectively. Of the changes 334 between the 1-D and 2-D protocols, only the ellipse magnitude (from the 2-D protocol) was statistically 335 significant (Table 4) . 336
337
Discussion
14
The main goal of this study was to characterize the passive stiffness of the wrist for moderately sized 339 movements (17°) involving flexion-extension and radial-ulnar deviation. A secondary goal was to 340 measure the passive stiffness of the forearm in pronation-supination. A thorough understanding of wrist 341 and forearm stiffness is necessary for understanding how the neuromuscular system plans and controls 342 wrist and forearm rotations. 343
One important finding of this paper is that the passive stiffness of the wrist joint is anisotropic (not the 344 same in all directions), with the lowest values of stiffness being slightly deviated toward radial deviation 345 for wrist extension and toward ulnar deviation for wrist flexion. This direction, called the "dart thrower's 346 motion", was previously known to be the preferred direction of wrist rotations in free movement (Li et al. 347 2005) and in functional tasks such as shoe tying, hair combing, can opening and washcloth wringing 348 (Palmer et al. 1985 ). Now we know that this preferred direction corresponds to the direction of least 349 passive stiffness; it appears that the neuromuscular system exploits the path of least resistance (at least in 350 terms of stiffness) to accomplish many common tasks. 351
The fact that wrist stiffness is anisotropic implies that an applied torque will produce a rotation which is, 352 in general, not in the same direction (the torque and ensuing rotation are not generally collinear). In all 353 but the principal directions (along the major and minor axes of the stiffness ellipse), a desired trajectory 354 must be initiated by a torque in a different direction. For example, because the stiffness is greater in radial 355 deviation than in extension, a wrist movement midway between radial deviation and extension requires a 356 torque pointing more toward radial deviation than extension. The neuromuscular system must plan and/or 357 control for this anisotropy when making wrist rotations. 368 2007) is very close to the measurements in our study. To the best of our knowledge, there are no prior 369 reports of passive stiffness in pronation-supination. Interestingly, we found that the stiffness in PS is 370 lower than in FE and RUD, and that the differences between the stiffness towards pronation and towards 371 supination were not significant. Because the stiffness of the forearm is smaller than the stiffness of the 372 wrist (in either flexion-extension or radial-ulnar deviation), and because wrist stiffness is anisotropic, 373 rotating the forearm to allow the wrist to rotate in a direction of smaller stiffness may be a convenient 374 strategy to reduce joint torques. 375
Note that the stiffness discussed in this paper (and in the studies mentioned above) is the stiffness 376 encountered during wrist rotations in the central region of the wrist's range of motion, i.e. rotations which 377
do not approach the limit of the range of motion. This stiffness is mostly due to muscle stretch (Axelson 378 and Hagbarth 2001) and is fundamentally different from the stiffness encountered at the limits of the 379 wrist's range of motion, which is much larger and mostly due to ligament stretch. A recent cadaver study 380 measured passive wrist stiffness in FE and RUD, as in this study, but at the limits of the wrist's range of 381 motion (Crisco et al. 2011) . Although the stiffness values were (predictably) much greater than those 382 presented in this paper, the shape and orientation of the stiffness measurements were remarkably similar 383 (stiffness ellipse with major axis tilted 27° counterclockwise from radial-ulnar deviation). 384
From the torque-displacement data, we estimated the 2-DOF stiffness using two different methods, the 385 "fitting ellipse method" and the "multiple regression method." We calculated stiffness ellipses through 386 both methods and found little difference in ellipse properties (magnitude, eccentricity, and tilt) between 387 methods (Table 3) . That said, there are important differences between the two methods. Because the 388 "fitting ellipse method" does not constrain the center of the ellipse to coincide with neutral position, the 389 estimated stiffness in flexion is generally different from the estimated stiffness in extension (likewise for 390 radial-ulnar deviation), producing a non-linear estimate of stiffness (non-linear because of the 391 discontinuity in slope and stiffness between flexion and extension and between radial and ulnar 392 deviation). Such a non-linear estimate is a more faithful representation of the data than a linear 393 approximation. However, for some applications, such as simulating joint dynamics using a linear model, a 394 linear approximation of stiffness is necessary. The "multiple regression method" provides a linear 395 estimate of 2-DOF (same stiffness in flexion and extension, and same stiffness in radial and ulnar 396 deviation) in the form of a stiffness matrix. 397 A plausible explanation for the difference in stiffness on either side of neutral position (found using the 398 fitting ellipse method) was proposed by Gonzalez et al. (Gonzalez et al. 1997) and assumes that passive 399 resistance to stretching of the muscles is the main contributor to joint impedance. The summed 400 physiologic cross-sectional area (SPCA) of the flexors is approximately twice that of the extensors, 401
indicating that more muscle area has to be lengthened during passive extension than during flexion. 402 Furthermore, the mean moment arm of the flexors is 23% larger. A study by Delp (Delp et al. 1996) 403 confirmed significant differences between maximum voluntary torques on both sides of the neutral 404 position for FE, and also for RUD. A proportional relation between maximum voluntary torque and 405 SPCA would mean a larger SPCA for adductors as opposed to abductors, in which case stiffness should 406 
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